The vortex behavior and thickness of the nozzle fluid layer of pulsating jets under a ceiling are studied using the laser-assisted visualization technique. The vortex formation characteristics of jets pulsating at different frequencies are compared with those of continuously issuing jets to investigate the effects of the pulsating frequency on the thicknesses of the nozzle fluid layers under a ceiling. To identify similarities between the features of pulsating isothermal jets and periodically pulsating pool fires, the frequencies of the pulsating jets are determined using the results obtained from previous pool fire studies. The formation and propagation characteristics of vortices in pulsating jets are investigated, along with the effects of the pulsation frequency on the thickness of the nozzle fluid layer. The size of the first primary vortex generated decreases as the pulsation frequency of the jet increases. The thickness of the nozzle fluid layer of pulsating jets is larger than that of continuously issuing jet, although the first primary vortex is smaller. The thickness of the nozzle fluid layer increases with decreasing pulsation frequency in jets with the same Reynolds number. The results of this study show the possibility that the ceiling jet behavior including the thickness of the smoke layer induced by a pulsating real fire plume can be strongly related to the pulsation frequency of the plume.
INTRODUCTION
IN THE EARLY stages of a fire, the smoke generated rises via a buoyancy force and impinges on the ceiling; then, it spreads radially along the ceiling surface, entraining ambient air. This flow under a ceiling is generally called a ceiling jet. The heat balance between the conductive heat transfer in a sprinkler head and the convective heat transfer in a ceiling jet determines the response of the sprinkler [1, 2] . The convective heat transfer under the ceiling is closely related to the motion of the smoke and the circulation of the room air heated by the fire plume [3] . Therefore, it is essential to clarify smoke-layer formation and the evolution of the ceiling jet to design effective fire detection and protection equipment.
Previous studies have investigated several characteristics of the ceiling jet induced by a fire [4] [5] [6] [7] . Alpert [4] performed an analytical and experimental study to investigate the major characteristics of the ceiling jet, such as its velocity, temperature, and Richardson number. That study revealed that the density difference between the ceiling layer and surrounding fluid is important in governing the ceiling layer entrainment rate and growth. Motevalli and Marks [5] performed detailed measurements of the velocity and temperature in an unconfined ceiling jet and compared their results with a previous theoretical model [4, 6] . A salt water modeling technique was developed to characterize the fireinduced ceiling jet dynamics, which showed that salt water modeling with appropriate scaling could evaluate the characteristics of the fireinduced ceiling jet [7] .
It is also known that a fire generally shows a periodic fluctuating motion due to buoyancy-induced instability [8] . Other experimental pool fire studies have observed an intermittent zone, in which the flame surface contains large-scale structures that fluctuate with time [9, 10] . Experimental studies of the pulsation frequency have used various measurement techniques [8, [11] [12] [13] and demonstrated that the fire plume pulsates with a well-defined frequency correlated with physical parameters of the pool fire, such as the flame surface area and burner diameter. Hamins et al. [14] showed that the pulsation frequency f and pool-burner diameter D can be fit using f 1 D À0.49 for 0.007<D<50 m, using previously obtained experimental data.
The effects of the pulsating vortex behavior on the formation of the impinging jet under a flat plate are already well-known [15] [16] [17] . The behavior of a smoke layer under a ceiling is similar to that of an impinging jet under a flat plate. It is very likely that the periodic vortical behavior induced by a pulsating fire plume governs the entrainment and mixing processes at the base of the fire and affects the downstream flow field including the ceiling jet. Kim and Han [18, 19] have already observed the periodically pulsating large vortical smoke structure of real fires using a laser sheet and thermocouples. Therefore, it is necessary to investigate the characteristics of smoke-layer formation and the effects of pulsation frequency on the flow structures of the fire ceiling jet to obtain physical insight into the convective flow under a ceiling.
To the authors knowledge, no study has focused on investigating the effects of the main flow parameters independently, such as the density, geometry, turbulence, and pulsating frequency, on the smoke layer characteristics under a ceiling. Most real fires are formed in turbulent flow fields, and it is very difficult to investigate the effects of each parameter on the smoke layer behavior under a ceiling independently because turbulent flow is a very complex phenomenon.
Therefore, as a first step, this study sought to improve understanding on the characteristics of the smoke layer under a ceiling influenced by a periodic pulsation of the fire in a laminar regime. To control the frequency of pulsation, a cold pulsating jet that was isothermal to the ambient air was used instead of a pool fire because it is difficult to adjust the pulsation frequency of a pool fire when the pool diameter is fixed. The vortex behavior and thickness of the nozzle fluid layer in the pulsating cold jet under a ceiling were visualized using a laser sheet. Furthermore, the effects of pulsation frequency on vortex formation and nozzle fluid layer thickness were determined.
EXPERIMENTAL METHOD
A schematic diagram of the geometry and flow system of the periodically pulsating isothermal jet is shown in Figure 1 . The jet generator on the ceiling consisted of upper and lower acrylic flat plates, a nozzle, a valve controller, and a three-way valve. To avoid disturbances being introduced by the ambient air, an acrylic board was placed circumferentially at a fixed radius from the center. A stainless mesh screen was installed outside the top and bottom plates to allow for air flow. A circular tube with an inner diameter D of 9.7 mm and a length of 300 mm was placed at the center of the lower plate. The distance H between the upper and lower plates was fixed at 80 mm. The diameter of the upper and lower circular plates was 1746 mm, or 180D. To obtain a uniform exit velocity profile at the tube exit, a ceramic honeycomb was installed inside the circular tube. The origin of the coordinate system was located at the center of the tube exit, and the locus of the vortex was expressed in terms of the y-and r-axes shown in the Figure 1 .
Cold nitrogen gas was used as a working fluid in this experiment, since its properties are similar to those of ambient air. The temperature of nitrogen was isothermal to that of ambient air (300 K). The nitrogen gas issued from the tube exit via a particle generator, in which an electric heater heated kerosene to produce a few micrometer kerosene particles. The flow rate of the nitrogen with kerosene particles was controlled by an orifice manometer. A timer-controlled solenoid valve directed the nitrogen flow to either the circular tube exit or to a bypass outlet line. The periodically pulsating nitrogen flow hit the ceiling and formed a ceiling jet with vortices. The velocity time history of the nitrogen flow is shown in Figure 2 . The frequency of the pulsating jet flow was changed by controlling the on and off times (t on and t off , respectively) of the solenoid valve. Three frequencies were tested, f ¼ 0.625, 1.25, and 2.5 Hz, and a continuously issuing ceiling jet was also considered for reference. To relate the features of the pulsating cold jet measured in this study to those of smoke formed in periodically pulsating pool fires, the frequencies of the cold jet studied were selected to correspond to the frequencies obtained in a previous pool fire study that used pool diameters ranging from 0.1 to 10 m [14] . Figure 3 shows a schematic diagram of the experimental setup used to visualize the pulsating jet. A 5-W Ar-ion laser was used as the light source to visualize the formation process and dynamic behavior of the vortices under the ceiling plate. A convex lens with a focal length of 1.5 m and a cylindrical lens transformed the beam of light into a sheet with a thickness of 1 mm, which was aligned along the centerline ( y-axis) from the tube exit. The beam splitter was used only when the horizontal laser sheet was needed for the visualization of the entire vortex formation and radial propagation of vortices.
Micron-scale kerosene particles in the pulsating jet, which were made in the particle generator, scattered the beam sheet. Images of sheet scattering were recorded with a high speed CCD camera at 250 frames/s. A digital video camera with an exposure time of 1/125 s was used to observe the overall shape of the pulsating jet. The detailed descriptions on the experimental method can be found in [18, 19] .
At the initial stage of the present study, Schlieren images of a smoke layer under a ceiling induced by a real pool fire were taken in order to obtain insights into the smoke formation characteristics of a naturally pulsating pool fire. The pulsating pool fire was formed from a heptane fuel pan with an inner diameter of 20 mm. Figure 4 shows Schlieren images of the smoke layer formed by a periodically pulsating pool fire under a ceiling plate. The sequential figures show the characteristics of the periodically generated smoke vortex. The measured frequency was 10-14 Hz, which corresponds to previous results well [14] . The thickness of the smoke was related to the accumulation feature of the smoke vortices behind the smoke front. The frequency and dynamic behavior of the smoke vortices affected the formation and thickness of the smoke layer under the ceiling. This implies that an investigation of the behavior of periodically generated vortices under a ceiling is crucial for understanding the formation and thickness of the smoke layer generated by a fire. However, it is difficult to distinguish the pure effects of the pulsation frequency on the vortex behavior because the pulsation frequency depends mainly on the diameter of the fuel pan [14] . This is why a cold jet was used in this study, since its pulsation frequency could be adjusted easily without changing other experimental conditions. Figure 5 shows the visualized vortex formation and propagation process of a continuously issuing cold jet under a ceiling. The primary vortex was formed by the velocity difference between the nozzle fluid and ambient air when the issuing nozzle fluid ascended. The primary vortex hit the center of the ceiling and propagated radially, growing gradually, and induced vortices started to appear around the periphery of the primary vortex after 0.33 s. The number of induced vortices depended on the Reynolds number. The induced vortices moved to the rear of the propagating primary vortex along the periphery of the primary vortex, and were then rolled up by the primary vortex rotation. However, the features of the ceiling jet, such as the thickness of the nozzle fluid layer in the rear part of the primary vortex, were very different from those of real fire smoke layers observed in previous studies [18, 19] . Accordingly, the vortex behavior and nozzle fluid layer formation features of a pulsating jet are discussed in the following paragraphs. Figure 6 shows the visualized vortex formation and propagation mechanisms of periodically pulsating cold jets under a ceiling. The Reynolds number (Re) of the two pulsating jets, (a) and (b), was 450, which is the same as that of the continuously issuing cold jet shown in Figure 5 . The periodically formed primary vortices interacted with each other under the ceiling and propagated radially to form a thick fluid layer. Hereafter, the thickness of the nozzle fluid layer will indicate the distance between the wall and the lower edge of the vortex. The thickness of the nozzle fluid layer of the pulsating jet at the rear part of the primary vortex was much greater than that of the continuously issuing jet, although the primary vortex was smaller. This is attributed to the fact that a pulsating jet entrains more air into the vortex core than a continuously issuing jet. The features of the nozzle fluid layer affected by the vortex behavior of the pulsating jet were similar to those of actual fire smoke movements shown in Figure 4 . Figure 7 shows the entire visualized vortex structure of a pulsating jet under a ceiling with Re ¼ 450 and f ¼ 1.25 Hz. To visualize the entire structure, two laser beam sheets were aligned vertically with the y-axis and horizontally parallel to the ceiling, 70 mm from the nozzle exit. A horizontal concentric-loop-shaped vortical structure is shown in the figure, which indicates the formation and merging of vortices generated by the pulsating jet and the sequentially radially propagated vortex structures under the ceiling. Figures 8 through 10 give the location of each vortex core with time. Here, the thickness of the nozzle fluid layer can be interpreted as approximately twice the vertical distance between the vortex core and the ceiling. The location of each vortex, denoted by symbols, was measured every 1/30 s. Figure 8 shows the loci of each primary vortex core of periodically pulsating jets with f ¼ 1.25 Hz. The Reynolds number of each case was varied to investigate the effects of flow rate on the thickness of the nozzle fluid layer. In this study, Re was defined using the nozzle fluid properties and the mean velocity when the solenoid valve was open. Thus, the oscillating amplitude also increases with increasing Re. It should be noted that the change of the Re is interpreted as the change of the oscillating amplitude. For reference, the Froude number (Fr) is also described in the legend of Figure 8 because it is important in the analysis of fire. The thicknesses of nozzle fluid layer when Re ¼ 300 and Re ¼ 450 were similar, but the thickness increased when Re ¼ 600. Figure 9 shows the loci of each first primary vortex core of different periodically pulsating and continuously issuing jets. The size of the first primary vortex of the continuously issuing jet was greater than those of the pulsating cases. The difference in the vortex size increased as the first primary vortex propagated radially. However, in the case of continuously issuing jet, the first primary vortex size does not represent the actual thickness of the nozzle fluid layer as described in Figure 5 .
RESULTS AND DISCUSSION
Focusing on the pulsating jet, the vortex size, which represents the thickness of the nozzle fluid layer, increased with decreasing pulsation frequency, although the flow rates were the same for all of the pulsating jets. Figure 10 shows the time variation of the thickness of the nozzle fluid layer at r ¼ 5.0D. The thickness decreased rapidly for the continuously issuing jet once the large primary vortex exceeded r ¼ 5.0D, as shown in Vortex Behavior and Fluid Layer Formation of a Pulsating Jet Figure 5 . The thickness of the nozzle fluid layer of the pulsating jet with f ¼ 2.5 Hz varied greatly, since relatively large primary vortices passed this location periodically. As the pulsation frequency increased, the thickness of the nozzle fluid layer decreased significantly, while its variation decreased gradually. For the pulsating jets with f ¼ 1.25 and 0.625 Hz, the nozzle fluid layer thickness was similar and almost constant with time because the periodically formed vortices exceeded r ¼ 5.0D more frequently.
CONCLUSIONS
The vortex behavior and thickness of the vortical fluid layer of pulsating jets under a ceiling were studied using a laser visualization technique. The first primary vortex size decreased as the frequency of the pulsating jet increased. The thickness of the nozzle fluid layer of the pulsating jets was greater than that of a continuously issuing jet, although the primary vortex size was smaller. This was attributed to the fact that the periodically generated pulsating jet vortices entrained significant amounts of ambient air into the nozzle fluid layer. The thickness of the pulsating jet nozzle fluid layer was greater for higher Reynolds number flows; in jets with the same Reynolds number, the thickness increased with decreasing pulsation frequency.
This study showed that the formation characteristics of nozzle fluid layer under the ceiling was affected by a periodic pulsation of vortex in laminar regime. One can identify the possibility from this study that the ceiling jet behavior of real fires can be affected by a periodically pulsating fire plume. If further studies on the effects of main parameters, such as the density, geometry, turbulence and heat release rate etc., on the fluid layer behavior under a ceiling are carried out, the behavior of the smoke generated from real turbulent fires can be more clearly understood.
